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AN EXPERIMENTAL INVESTIGATION OF NEAR CRITICAL AND

SUPERCRITICAL BURNING OF -BIPROPELLANT DROPLETS

by

D. P. Dominicis

ABSTRACT

This report presents the results of an investigation of
droplet combustion in air. at pressures sufficiently high for the
droplet to exceed its critical temperature during combustion. For
the tests, the droplet was supported from a quartz fiber or a
thermocouple, contained within a small pressurized chamber. To
prevent the droplet from falling from its support due to reduced
surface tension, the experiment was carried out under zero-gravity
conditions. Combustion lifetimes and droplet temperature measure-
ments-are reported over a pressure range from 100 to 2000 psia for
n-decane and n-hexadecane. Experimental supercritical burning times
were found to agree reasonably well with available theoretical pre-
dictions.
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CHAPTER 1

INTRODUCTION

1.1 General Statement of the Problem

Fuels for propulsion and power systems can be categorized as
being either bipropellants or monopropellants. A bipropellant fuel
system consists of separate fuel and oxidizer streams which are
combined and burned within a combustion chamber. In a monopropellant
system a single stream of propellant is decomposed in the combustion
chamber to form high temperature gaseous products.

Due to the widespread use of bipropellants, numerous investi-
gations have been undertaken in recent years with the overall
objective of developing methods for predicting bipropellant combus-—
tion chamber performance. An integral part of this work is a good
understanding of the combustion characteristics of individual fuel
droplets. The present investigation is a contribution to this
aspect of the bipropellant combustion problem with particular
emphasis on the high pressure combustion characteristics of single

fuel droplets burning in air.

1.2 Previous Work

In attempting to predict combustor performance, Priem (1)

developed a model using droplet vaporization as the rate controlling
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process in a combustion chamber. Priem calculated the effect of
drop size, initial drop velocity, final gas velocity, chamber pres-
sure, initial liquid temperatﬁre and gas temperature on the chamber
length necessary to complete the vaporization of a singlet droplet.
Priem and Heidmann (2) modified Priem's original analysis and used
it to model bipropellant spray characteristics. Their predictions
were correlated with actual combustor performance and were found to
agree well at moderate pressures. The importance of Priem and
Heidmann's work is in the fact that they used a model based on
individual droplet characteristics to predict combustor performance.
This approach has been widely employed in design applicatioms.

The success. of the Priem and Heidmann model pointed out the
necessity of understanding the combustion of individual fuel drop-
lets. The earliest studies of single droplet combustion centered
on the "steady burning period." This is the portion of the drop-
let's burning lifetime where all the heat transferred to the drop-
let from the flame is utilized for the heat of vaporization of the
fuel leaving the droplet surface. During steady burning the
temperature of the droplet remains constant at its so-called ''wet
bulb" temperature, which is slightly below the boiling temperature
of the fuel at the ambient pressure. Various predictions of the
burning rate have resulted from analysis of the steady burning
period (3-5), and they were found to generally agree with experi-
mental results at atmospheric pressure (4-7).

Investigators at the University of Wisconsin modified the

earlier analysis by considering as well the heating of the droplet
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from its initial temperature to the wet bulb temperature (8-10).

The Wisconsin studies considered vaporization during heating and at

the wet bulb state, The predicted life histories agreed adequately

with measurements of droplets vaporizing in the absence of combus-

tion in an air environment at temperatures up to 620°F and pressures

from 1-4 atmospheres.

The studies mentioned above all approach droplet combustion

by means of a quasi-steady analysis making the following assumptions:

1.

The reaction takes place in the gas surrounding

the droplet.

The temperature and concentration profiles in the
gas phase adjust instantaneously to changes in
droplet temperature, diameter, velocity, and drop-
let surface fuel concentration, i.e. the profiles
are steady state profiles for the existing boundary
conditions at each instant of time.

The radial motion of the droplet surface, due to
evaporation is assumed to have a negligible
influence on transport rates.

The reaction zone is assumed either to be thin
(3-5) ;- or sufficiently far from the droplet so that
it exerts a negligible influence on transport

rates (1, 2).

Fuel is consumed in the reaction zone at the same

rate as it evaporates from the droplet.
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The assumptions of fhe quasi~steady analysis become question~—
able at high ambient pressure. This was pointéd out by Williams (11)
and Brzustowski (12), who attempted to set limits on the range of
validity of the quasi-steady analysis,

If the droplet radius regression rate is assumed to be negli~-
gible compared to the wvelocity of the vapor leaving the liquid
surface, this implies that the liquid density is much greater than
the vapor density. This is no longer true at high pressures. 1In
addition, at elevated pressures, the ability of the concentration
and thermal boundary layers around the droplet to adjust rapidly
enough to maintain steady state profiles, as required by the quasi-
steady theories, becomes questionable.

Another aspect of the high pressure combustion problem was
considered by Wieber (13). This is the possibility that the droplet
may reach its critical temperature before the end of combustion.
Wieber used a quasi—steady analysis to calculate a droplet's approach
to the critical point. Performing calculations on an n-heptane
droplet, he found that for pressures of two to three times the
critical pressure, very little of the initial mass of the droplet
had vaporized before the droplet reached its critical temperature.
Wieber indicated that supercriticalkburning could be encountered in
high pressure systems such as rocket and diesel engines.

Spalding (14) described a model for supercritical combustion.
At the critical point the droplet has essentially become a pocket of
gas. Spalding approximated the vapor pocket as a point source of

fuel. The combustion process was presented by the flame surface
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approximation, i.e. a diffusion controlled flame with an infinitely
thin reaction zone. Thus, considerations of chemical kinetics were
eliminated. Rosner (15) has modified Spalding's analysis by con-
sidering the fuel vapor pocket to be of finite dimensions. The
following additional assumptions were made by Spalding and Rosner:
1. A single, irreversible reaction occurs in the
flame zome.
2, Fuel and oxidizer diffusion are described by a
pseudo-binary Fick's diffusion law with equal
diffusion coefficients.
3. Reactant transport by convection is negligible
compared with diffusion.
4. Fluid properties are constant.
The analyses by Spalding and Rosner are applicable to é drop~-
let burning above . the critical point. Both theories predict a
pressure dependence of one third and an initial diameter squared
dependence for the droplet burning lifetimes. These predictions
have not been verified experimentally. A detailéd derivation of
the Spalding and Rosner theories is found in Appendix A.
Experimental investigations of single droplet combustion have
most often been conducted on suspended droplets (4-10). Hall and |
Diederichsen (16) have conducted suspended droplet experiments at
elevated pressures, measuring droplet burning lifetimes after -
ignition as a function of pressure and initial drop diameter. Their
work considered pressures as high as twenty atmospheres but they

were unable to extend into the near critical and supercritical
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combustion regime. In these experiments, at pressures near the
critical pressure, the droplet fell from its support due to the
reduction in surface tension near the critical point.

Recently Brzustowski and Natarajan (17) observed the combus-
tion of aniline droplets at préssures as high as 814 psia, 44 psi
above the critical pressure of aniline. In this experiment the

droplet did not fall from its support, indicating that the near

critical burning regime was not reached. This result would be

expected from Wieber's (13) prediction; that the pressure must be
two to three times the critical pressure for appreciable amounts of
the fuel to remain when the critical temperature is reéched for
fuels of this type. Brzustowski and Natarajan measured burning rate
constants of aniline at pressures below 200 psi, and burning life-
times at higher pressures. Difficulty in obtaining clear siihouette
photographs above 200 psi prevented measurement of the burning rate
constants at high pressures.

Another experiment relevant to the present investigation was
conducted by Kumagai and Isoda (18). They observed the combustion
of individual suspended droplets at atmospheric pressure in a
chamber subjected to various gravity fields in order to observe the
effect of natural convection. They found that the flame shape is
spheriéal in free fall (zero gravity) but changes considerably under
weak gravity fields. Also, the droplet's burning rate decreases as
gravitational acceleration decreases, since the flame moves further

from the droplet due to the reduction of natural convection effects.



1.3 Specific Statement of the Problem

The preceding discussion illustrates the need for experi-
mental work on high pressure droplet burning. Here the quasi-steady
theory is questionable and the high pressure combustion models have
not been verified. With this in mind the present investigation was
undertaken with the following objectives:

1. To examine experimentally the combustion of indi-

vidual, supported, bipropellant droplets.under
pressures which would produce near critical and
supercritical burning.

2. To compare the existing quasi-steady and high

pressure combustion theories with the experimental
results, and make any modifications necessary to
obtain reliable predictions for droplet life
histories.

The preliminary stage of the investigation, discussed in this
paper, consisted of developing an apparatus capable of carrying out
the experimental objective. In addition, preliminary experiments
were conducted in the near critical and supercritical burning regime.

It was mentiohed previously that the droplet tends to fall
from its support near the critical point. To avoid this, the experi-
ment was carried out in zero gravity by means of a free fall
apparatus. The zero gravity facility additionally eliminated natural
convection, thus permitting the experiment to more closely represent

the theoretical models.
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The fuels used in the study were n-decane and n-hexadecane.
They were burned in air at room temperature and pressures ranging

from 14.2 to 2000 psia.

}




CHAPTER 2

APPARATUS

2.1 Test Facility

The requirements for the experimental apparatus were to
provide an environment at high pressure (up to 2000 psia) where a
droplet can be ignited and burned under zero gravity conditions.

It was also necessary to provide a means of observing combustion and
measuring the temperature variation of the droplet.

The high pressure droplet reaction chamber is shown in
Figure 1. Figure 2 is a photograph of the chamber. The reaction
chamber was constructed of stainless steel and was cyliﬁdrical in
shape. The chamber was 4 in. long and 2 7/8 in. in diameter. The
chamber could be opened at one end by means of a removablg stainless
steel end plate which was secured to the droplet chamber by a 1arge‘
flange on the end of the chamber. An "0" ring was installed between
the end plate and the flange to permit sealing. The end plate and
chamber were held together by six 1/2 in. stainless steel bolts. A
small quartz window was built into the end plate and a first
surfaced mirror was mounted on the end plate to permit photographing
the combustion process. The closed end of the reaction,chambe? was
also provided with a quartz window for background lighting and visual

observation of the droplet. A removable plug in the wall of the
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chamber allowed the droplet to be mounted on its support by a hypo-
dermic néedle. Electrical connections into the high pressure
chamber were provided by a Conax 4 wire gland. The droplet chamber
was hydrostatically tested to 2300 psi.

The droplet was mounted on either a quartz fiber or on the
junction of a chromel-alumel thermocouple as shown in Figure 1.
The thermocouple permitted measurement of the droplet temperature
during burning. The quartz fiber was approximately 0.008 in. in
diameter with a 0.014 in. diameter bead at the end. The thermo-
couple wires were 0.003 in. in diameter with a junction approximately
0.009 in. in diameter. With these dimensions, the time constant of
the droplet in the high temperature gas, following ignition is
roughly 11 times longer than the time constant of the thermocouple
in the droplet liquid (see Appendix B). On this basis, it was

assumed that the thermocouple gave an adequate representation of the

temperature variation of the droplet.

Two different methods for igniting the droplet were employed.
The first consisted of directing a hydrogen diffusion flame toward
the droplet until it ignited. The hydrogen flame was extinguished
as soon as possible after ignition, since the presence of gas flow
caused a disturbance to the droplet, especially at higher pressures.

The hydrogen was stored in a small tank mounted inside the
free fall apparatus (Figure 3). The pressure in the storage tank
was kept slightly higher than that of the droplet reaction chamber.
The storage tank was used to increase the capacity of the hydrogen

system, so that the hydrogen flow into the droplet chamber was
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uniform during a test. The flow of hydrogen into the droplet
chamber was controlled by a solenoid valve which was automatically

actuated at the beginning of the free fall period. The hydrogen

was introduced into the droplet chamber through a capillary tube

mounted in the chamber wall as shown in Figure 1. An electrically

heated wire ignited the entering hydrogen, which in turn ignited
. the droplet, This scheme was also used by Hall and Diederichsen
(16) with a bench mounted apparatus.

The flame ignitor system did not operate well at high pres-

wid

wi sures. The hydrogen solenoid became hard to control and the hydrogen

flow caused a great deal of disturbance to the droplet, often

s cmivm 5

shearing it apart or knocking it from its mount. Due to this prob-

lem, another ignition method was tried.

The second ignition method employed the hot wire to directly
ignite the droplet. This was accomplished by moving the wire in
closer to the droplet and eliminating the hydrogen system. At the
beginning of the free fall period, electrical power was supplied

to the wire, causing it to heat up and ignite the droplet. This

method was superior to the flame ignitor method in that it provided
.a more reliable ignition with much less disturbance to the droplet.
The free fall chamber is shown in Figure 3, with a photograph

of the free fall apparatus shown in Figure 4. It consisted of an

aluminum shell 8 3/4 in. in diameter and 32 in. long with two doors

along its length to provide easy access to the internal components.
) The free fall chamber was hung in place by a pin mechanism which

automatically released at the start of a test. Release of the free
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fall chamber was accomplished by a pneumatic cylinder which Wés
automatically activated by a solenoid valve. The apparatus dropped
approximately 16 feet into a tub of chopped Resilite, a foam plastic,
which adsorbed the shock of the fall. The zero-gravity facility
provided a test time of about one second.

Drag forces on the drop chamber were estimated to be negli~
gible. For example, using a total apparatus weight of 60 lbm and
a chamber diameter of 8 in., with a drag coefficient conservatively
estimated at unity, the maximum net gravity force is on the order
of 0,007 g.

Referring again to Figure 3, the background light employed
was an NE 51 neon bulb, powered by a D.C. source to give steady
illumination. The back lighting permitted a silhouette photograph
of the droplet just before the beginning of a test, thus allowing a
measurement of the droplet's initial size. The light was turned off
soon afterward to permit dark field photographs of the ignition and
combustion processes.

A Wollensak Fastair 16 mm high speed motion picture camera
was employed for the droplet,photographs. The camera was mounted
below the reaction chamber as shown in Figure 3. The film speed
during the tests was. approximately 100 frames per second. The

camera was equipped with an internal timing marker to allow time

correlation of the films. The film used was Kodak Tri-X Negative

emulsion TXN 430,
High pressure gas was provided by commercially pure dry air

and hydrogen in c¢ylinders. The gas pressures in the reaction
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chamber and in the hydrogen line were measured by 0-3000 psi bourdon
tube gages with 25 psi subdivisions. For pressures below 100 psi,

a 0-100 psi Ashcroft laboratory test gage with 1/2 psi subdivisions

was used. All gages were calibrated with a dead weight tester.

The signal from the thermocouple was fed through a CEC 1-165

D.C., amplifier to a CEC 5-124 oscillograph. The two galvanometers
w% used were CEC type 7-317 fluid damped galvanometers with a flat,
. five percent frequency response to 2200 cps. One galvanometer was
B used to measure the thermocouple output, and the other simply

deflected when the neon background light was turned off. The

, ﬁ
i

recorder employed an internal flagh timing unit for time sequencing
} the chart record. The temperature trace could be synchronized with

the film by the extinction of the background light. This event was
g recorded by the camera and by the second galvanometer and was thus

used as the origin of time in tests using the thermocouple.

s

Two timing devices were used to provide virtually automatic
z operation of the apparatus. The first was a falling weight switch

which consisted of a steel block which dropped through guide rods
i and actuated small knife blade switches along its path., The weight
\ was held din its uppermost position by an electromagnet and released
ot automatically. This arrangement was used for functions which

required accurate time sequencing, such as the actuation of the

hydrogen solenoid or the hot wire and the release of the free fall

chamber. Less critical functions were controlled by a cycling timer.
This device controlled the background light, electromagnet, recorder

and camera.
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2,2 Operation of the Apparatus

The preliminary setup of the experiment involved focusing
and checking the operation of the camera, setting the air and hydro-
gen pressure and pressurizing the air line used to release the free
fall chamber. The thermocouple output was calibrated by a Leeds
and Northrup 8690 ﬁillivolt potentiometer to obtain the sensitivity
of the galvaﬁometer—;mplifier circuit, In addition, the thermo-
couple~amplifier-galvanometer circuit was checked occasionally with
a boiling water bath as a reference temperature., In tests with the
hydrogen ignitor no temperature record was made. In conducting a
test, the droplet was mounted on a quartz fiber or thermocouple
junction and the droplet chamber was closed and pressurized. In
the flame ignitor tests the hydrogen line was also pressurized at-
this time. The air and hydrogen hoses were removed by‘means of two
quick—disconnect fittings at the top of the free fall chamber.

For tests with the flame ignitor it was mnecessary to run a
preliminary "purge cycle" for the hydrogen line. The purge cycle
operated through the Cramer timer which opened the hydrogen solenoid
for approximately one second. This released hydrogen into the
capillary tube and forced air out of the tube. More reliable
ignition was obtained when this procedure was employed before each
test.

After the purge cycle, the weight in the dropping Weigﬁt
switch was raised to its highest position and held there by the
electromagnet, and the knife blade switches were set. Panel switches

controlling the hot wire, background light, hydrogen solenoid, and
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free fall chamber release solenoid were closed, permitting automatic
control of these components by the Cramer timer and the dropping

weight switch. The start switch for the Cramer timer was closed and

the ‘actual test began.

Once the timer was actuated, the sequence of events in a

hydrogen flame ignitor test was as follows:
1. background light on

) 2, camera on

3. background light off

4. hot wire on

5., electromagnet de-energized-weight falls

6. weight trips release solenoid switch and free
fall begins

7. weight closes upper hydrogen solenoid switch,
solenoid valve opens, and releases hydrogen into
chamber

8. hydrogen ignited by hot wire

9. hydrogen flame ignites droplet

10. dropping weight opens lower hydrogen solenocid
switch, closing the solenoid and stopping the
flow of hydrogen

11. all components off at the end of the free fall

period.

In the hot wire ignitor test there was no purge cycle and all
functions of the hydrogen system were eliminated. Control of the

hot wire was transferred to the dropping weight switch. Thus the
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hot wire was supplied with power only momentarily, consistent with
reliable ignition. Also, the CEC recorder was operated during the
same time period as the camera.

The data consisted of the motion picture film and the
oscillograph record of the droplet temperature. The time of igni-
tion of the hydrogen jet, droplet ignition and droplet burnout were
found from the film. Also, the initial droplet size was obtained
from the silhouette photographs.

Since the droplets were usually elliptical in shape, a
diameter correction, suggested by Kobayasi (6), was used which gave
an equivalent diameter for a sphere having the same volume as the

elliptical droplet. The formula employed was as follows:

d = 3/e 22 (2.1)

The symbols are defined in the Nomenclature section.
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CHAPTER 3

RESULTS OF THE FLAME IGNITOR TESTS

For the tests with the flame ignitor, the droplet was mounted
on a quartz fiber and no temperature measurements were made.

Figure 5 shows a typical film record at low pressure with the flame
ignitor. The test shown is an n-decane droplet burning in air at a
total pressure of 114 psia.

The first strip of film in Figure 5 is the silhouette photo-
graph of the droplet. The white circular field is the background
light, in this case an incandescent bulb. The droplet ignites
almost immediately after contact with the hydrogen flame. The flame
from the burning droplet is easily distinguished from the hydrogen
flame due to its greater luminosity. It is notable that the flame
is extended into a teardrop shape in this test, indicating the
presence of convection. This is due to induced gas flow from the
hydrogen flame, not natural convection. The droplet does not appear
to leave the probe location during the test.

Figure 6 is a typical test at high pressure using the flame
ignitor. The fuel was n-decane burning in air at 814 psia. Here
the presence of the induced flow from the hydrogen flame causea a
significant disturbance to the combustion process. Distortion and
shearing of the combustion zone is evidént, and the droplet appears

to leave the probe location toward the end of burning.
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Measurements of the combustion lifetimes were made from the
films. Combustion lifetime was defined as the time between ignition

and the end of luminosity of the flame. This is the definition used

by Hall and Diederichsen (16).

Figure 7 shows measured lifetimes as a function of pressure

for n-decane droplets of approximately the same initial diameter
(740 = 50 p). Data from Hall and Diederichsen (16) for the same
o) fuel and initial droplet size is also shown on the figure. The
critical pressure was obtained from Reference 19.

The data from the present investigation and from Reference 16
both show the same trend of decreasing lifetime with increasing
pressure. The lifetimes are seen to be longer for the present study,
and this is probably due to the elimination of natural convection by
the zero gravity apparatus. Kumagai and Isoda (18) demonstrated
that the flame moves in closer to the droplet in one-g, causing
higher heat transfer rates and higher evaporation rates. The result
is a shorter lifetime in one-g.

Figures 5 and 6 showed that there was convection in the
zero-g tests due to induced flow from the flame ignitor. The magni-

tude of the mnatural convection compared to convection from induced

flow was demonstrated in some one~g tests. In one-g, the hydrogen
flame rose almost straight up rather than remaining in the direction

of the capillary tube, as was seen in Figures 5 and 6. This indi-

cates that the flame's upward momentum due to natural convection was
! much greater than the momentum in the direction of the capillary

tube.
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Figure 8 shows combustion lifetimes for n-hexadecane
(cetane). As before, the critical pressure was obtained from
Reference 19, The trend of the lifetimes with pressure and the
magnitude of the lifetimes are similar to the n-decane results.

Although these tests did allow observation of droplet combus-
tion at pressures substantially above the critical pressure of the
fuel, the results were not satisfactory. First, the high pressure
combustion theories (14, 15) predict an increase in the burning
lifetimes at pressures somewhat above the critical pressure of the
fuel. The present data continues to exhibit a downward trend even
at four times the critical pressure for cetane. Secondly, the films
taken at high pressure, Figure 6, indicated that the fuel sample was
being greatly distorted and possibly broken ﬁp by the ignitor flow.
While this phenomenon is undoubtedly present in a combustion chamber,
it presents a great problem in the analysis of this data. These
factors prompted the use of the hot wire ignitor as a means of
reducing the disturbance at ignition. The results of the hot wire

ignitor tests are discussed in the next chapter.
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CHAPTER 4

RESULTS OF THE HOT WIRE IGNITOR TESTS

4,1 Combustion Lifetimes

For the tests with the hot wire ignitor, the droplet was
mounted on the junction of a chromel alumel thermocouple and meas-
urements of the droplet temperature were made. Figure 9 is a
typical test at low pressures using the hot wire ignitor. The drop-~
let fuel was n-decane which was burned in air at a pressure of 64
psia.

The first strip of film is the silhouette photograph of the
droplet. The background light was a neon bulb which also permitted
time correlation of the temperature trace and the films. After the
background light goes off the hot wire ignitor begins to heat up
and glow. It should be noted that the droplet does not ignite
immediately after the wire begins glowing. When the droplet ignites,
the disturbance is considerably less than what was observed during
the flame ignitor tests. During combustion, the flame is almost
spherical, not teardrop in shape as was seen in the flame ignitor
photographs. This is due to the elimination of all convective
effects including induced flows in the reaction chamber.

Figure 10 is an example of a test at high pressure using the

hot wire ignitor. The test conditions consisted of an n-decane
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droplet burning in air at 814 psia. At ignition, there is some
disturbance but this quickly settles down to a steady flame zone.
The disturbance is less severe than that observed in Figure 6, and
shearing and distortion of the combustion zone is reduced. The
droplet does not appear to leave the thermocouple location during
the test. It is notable that the flame is much smaller than the
flame observed in Figure 9, the low pressure test.

A plot of total combustion lifetime versus pressure for
n-decane droplets using the hot wire ignitor is shown in Figure 11.
The lifetimes were corrected to represent a fixed initial diameter
droplet of 875 u, since the range of actual diameters (533-899 u)
was broader than the range used in Figures 7 and 8. The correction
assumed a squared relationship between the drop diameter and the

combustion lifetime as follows:
£ = (875/d)% ¢t (3.1)
c m

where d is the drop diameter in microns. The diameter squared
correction was used since most of the separate processes undergone
by the droplet, heat-up, steady burning, and supercritical burning
are proportional to diameter squared (References 3~5, 14-16). The
measured lifetime is the time between ignition and the end of
luminosity of the droplet flame.

C;mparing Figure 11 with Figure 7, it is seen that the trends
are quite different for this set of data. Instead of monotonically
decreasing lifetimes with increasing pressure, the lifetimes begin

increasing somewhat above the critical pressure. This provides



32

(1 6/8 40 YHIAWVIA TVILINI NV 01 QIIDEEE0D)
YOLINOI TYIM IOH-YIV NI ANVOHA-N A0 FWIIHAIT NOIISNEWOD  TIT '914

(ViISd) 34NSS3dd

0002 000! 009 00€ 002 00l
180
4110 (@)
0] © © o M
%0% © © O] o
Op. 8 =
[0) © © © @
(0] (0] (0] © 4120 m
8 -3
v v 1#° m
v o @
vey o v v (9]
vV 7 v @ A7 -
v Vv
v oV « 190
v %Q
v 7 3WIL NOLLYDIZISYD © {80
3NIL3SN VLol W |




)
d
1
A
i

3
é,
)

33

further evidence of the possibility that shearing and breakup of
the droplet at ignition caused shortened lifetimes at high pressures
when the flame ignitor was used.

Rosner (15) presents a qualitative picture of the pressure
dependence of the droplet lifetimes for the various droplet combus~
tion theories. In his discussion, the initial temperature of the
droplet is taken to be the wet bulb temperature so that heat up is
neglected. In the pressure region somewhat below the critical
pressure, Rosner's quasi-steady prediction shows an almost constant
burning lifetime with pressure. As the critical pressure is
approached, the burning lifetime decreases, ultimately going to
zero at the critical pressure for the simplest quasi-steady model
(where the wet bulb temperature is taken to be the boiling tempera-
ture). For a model where evaporative sub-cooling of the droplet
surface is included, the lifetime decreases as the critical pressure
is approached, but remains finite at the critical pressure. From
Figure 11 it is seen that the lifetimes do decrease as the critical
pressure is approached and reach a minimum slightly above the
critical pressure.

Considerably above the critical pressure of the fuel the
supercritical burning theories (14, 15) predict the lifetimes to
increase as the cube root of pressure. The data in Figure 11 shows
lifetimes increasing, but there is a considerable amount of scatter
in the data making it impossible to give more than a qualitative
assessment of the pressure dependence of the burning lifetimes.

Furthermore, total lifetimes include the time required for the
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droplet to heat up from its temperature at ignition to either the
wet bulb temperature for low pressure runs, or to the critical
temperature at high pressures. Rosner's discussion concerns a drop-
let at its wet bulb temperature or a fuel sample at itsbcritical\
temperature, and thus does not include the heat up period. It is,

therefore, not physically correct to compare these results with

- theory at this point. This matter is discussed again in Section 4.3.

For pressures below 100 psia, the lifetimes were lower than
Hall and Diederichsen's (16) data. At 114 psia Hall and
Diederichsen's data overlaps the present data. It was felt that the
&ata below 114 psia was overly influenced by excessive radiation
from the hot wire and was, therefore, not included in the figure.

At low pressures,.the hot wire glowed very brightly due to
the low heat capacity of the surrounding air. The increased radia-
tion caused higher heat transfer rates to the droplet. This would
result in higher evaporation rates and, therefore, shorter lifetimes
at low pressures. The effect of hot wire radiation will be further

discussed in the next section.

4.2 Temperature Measurements

Temperature measurements of the liquid phase are subject to
error due to temperature gradients in the droplet during heat up.
However, the thermocouple gives a suitable representation of the
droplet temperature (at least to a first approximation) and is,

therefore, useful in rounding out the picture of droplet combustion.
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A typical temperature trace is shown in Figure 12, for an
n~-decane droplet burning in air at 64 psia. The origin of the time
axis is arbitrary. Marked on the t£me scale is the time when the
hot wire begins glowing, the time when the droplet iénites ané;the
time at the end of burning as obtained from the films. The series
of peaks at the beginning of the trace is due to the noise signal
sent to the thermocouple when power was first supplied to the hot
wire.

The slope of the temperature trace increases shortly after
ignition, which is characteristic of most of the tests. At the
point of inflection the flame has apparently propagated its heating
effect to the thermocouple location. The’droplet temperature
increases until the steady burning period is reached, whereupon the
temperature remains-constant. The trace remains ai the wet bulb
temperature until the droplet has completely gasified, then the
temperature begins rising again until combustion is completed.
Spalding (14) predicted that the end of burning occurs sometime
after gasification of the droplet. The length of time from the end
of gasification to the end of burning is surprisingly long even at
low pressures. In Figure 12, it is roughly 40 percent of the total
lifetime.

Figure 13 shows total lifetimes and times from ignition to
the end of gasification (gasification times) plotted against pressure
for droplets of n-decane. The triangles represent the total life-
times and the circles are gasification times. The two sets of points

diverge from each other with increasing pressure indicating that
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gasification of the droplet takes a smaller percentage of the total
lifetime at higher pressures.

At 814 psia and above, the gasification time was taken to be
the time between ignition and the instant the droplet reaches its
critical temperature, which is obtained from the temperature trace.
There is considerable scatter in this region (in part due to the
fact that the droplet did not always ignite at the same liquid
temperature) but there is a continued downward trend for the gasi-
fication times.

An important conclusion to be drawn from Figures 12 and 13
is that for the conditions of this experiment it is incorrect to
interpret combustion lifetimes as gasification times for any pres-
sure. It must be emphasized that convection plays a large part in
the combustion of the gasified fuel, and may greatly decrease the
time between the end of gasification and the end of burning. In a
combustor with convection present, the increased rate of gas phase
mixing may make this time extremely small. The results presented
here should be taken as a worst case, where no convection is present
due to the absence of gravity forces.

Figure 14 shows temperature traces at different pressures for
droplets of n-decane. The critical temperature indicated on the
trace was obtained from Reference 19. The times on the figure are
plotted from the time of ignition.

The traces marked A, B, and C are traces for tests run at
114, 514, and 1100 psia, respectively. The droplet diameters for

curves A, B, and C are 945, 990, and 947 microns, respectively.
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It was observed that with increasing pressure an n-decane droplet
spends a smaller.percentage of its burning lifetime in the steady
burning period, characterized by the droplet's temperature remaining
constant at the wet bulb temperature. Curve B, run at 514 psia
shows an approach to the wet bulb state indicated by the inflection
of the temperature trace. This type of behavior persisted to a
pressure of 664 psia, even though this pressure is over twice the
critical pressure. At 814 psia no inflection of the trace was
observed, and the temperature record was similar to curve C in
Figure 14 for tests at 814 psia and above. Apparently no approach
to the wet bulb state was made by the droplet at these pressures.

It should also be noted from Figure 14, that the rate of
temperature rise increases as pressure increases. This would agree
with Wieber's (13) analysis which indicated that at high pressures
a lower percentage of the total heat into the droplet from the flame
is utilized for vaporization of the fuel and more of the heat is
used for sensible heating of the droplet. Another characteristic
of the results in Figure 14 is that the liquid temperature at igni-
tion is higher as the ambient pressure is increased.

Also marked on Figure 14 is the boiling temperature (20) of
n~decane for 114 psia. It should be noted that the wet bulb
temperature is below the boiling temperature at this pressure. At
pressures below 114 psia, however, liquid temperatures considerably
above the boiling temperature were obsérved. Two possible causes
of this are excessive radiation from the hot wire and conduction

along the thermocouple wires. Either of these effects could
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preferentially heat the thermocouple junction and cause high tem-
perature readings.

A series of tests was run to determine the effect of hot
wire radiation on the liquid temperature. The results are pre-
éented:in Table 1. All tests were run at atmospheric pressure and
the electrical power to thé hot wire was varied. It is seen in
Table 1 that for power levels below 1200 watts, the wet bulb
temperatures remain fairly constant and are near the boiling tem~
perature which is 344°F‘(l9). However, at 1200 waéts there is a
jump in the maximum liquid temperature of about 50°F, indicating
that the heater éower does have an effect on temperature reading.
The table also lends support to the possibility that excessive .
heater power was responsible for the short lifetimes at low pres-

sures discussed in Section 4.1.

TABLE 1

HEATER. POWER VERSUS MAXIMUM LIQUID TEMPERATURE

MAXIMUM
POWER TEST LIQUID TEMPERATURE
(watts) NUMBER (°F)
800 T-44 360
900 T-42 351
1000 T-40 344
1200 ' T-33, T-43 395, 437

1400 T-35 410
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At higher pressures the heater power level was no longer a
problem, due to the higher heat capacity of the air in the reaction
chamber, which lowered the wire temperature. At high pressures,
the power level was kept at 1600 watts, the minimum for consistent
ignition.

The problem of conduction of heat along the thermocouple
wires from the flame zone to the droplet is analyzed in Appendix C.
A simplified model was used in the analysis and it was found that
conduction along the thermocouple wires was responsible for about
15 percent of the heat transferred from the flame zone. The result
points out the possibility that this effect could also be a factor

causing the high liquid temperatures at very low pressures.

4.3 Supercritical Burning Lifetimes

The existing theories of supercritical burning (14, 15)
model the fuel sample as a pocket of fuel vapor which is already
above its critical point. Thus, the model does not account for
heating the droplet from the ambient to the critical temperature.
In view of this, there is no physical basis for comparing the
results obtained in Figure 11 with the predictions of the super-
critical burning theories.

Since droplet temperature measurements are available, it is
possible to obtain the droplet's "supercritical burning lifetime"
which is defined in this paper as the time between the instant the
droplet reaches its critical temperature and the end of luminosity

of the droplet's flame. The effect of using supercritical lifetimes
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is td eliminate the heat up to the critical temperature and thus
more closely represent Spalding's and Rosner's models. -

When comparing the experimental results with the theory, it
must be assumed that very little of the mass of the droplet is
burned during heating to the critical temperature and thus the fuel
mass present at the critical temperature is equal to the initial
mass of the droplet. Wieber's (3) results indicate that at
sufficiently high ambient pressures this is approximately the case.
For example, for the combustion’of an n—heptane-droplet with an
ambient pressure of four times the critical pressure, Wieber calcu-
lated that only eight percent of the initial mass of'the droplet
had vaporized by the time the droplet reached its critical tempera-
ture.

Figure 15 is a plot of supercritical lifetimes versus pressure
for n-decane droplets. Again the lifetimes are corrécted to equiv-
alent lifetimes for an 875 micron droplet using the diameter squared
correction discussed in Section 4.1, It should be noted that the
lowest pressure represented on this plot is 814 psia, since at this
pressure no inflection of the temperature trace was observed and
thus apparently no approach to the wet bulb state was made by the
burning droplet. An approach to the wet bulb state would indicate
a significant amount of vaporization during heating.

To obtain agreement between the data and the theories (14, 15)
the observed supercritical lifetimes should increase as the cube
root of pressure. On the log-log plot of Figure 15, the data should

follow a line with a 1/3 slope.
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The original data were highly scattered, and in order to make
a comparison, only the average at each pressure is shown in
Figure 15. At all pressures except 1814 psia, the averages were
of two or more tests. In addition, a least squares regression line

was fitted to all the original data. The slope of the regression

line was 0.18 which is lower than the theories (14, 15) predict.
A statistical analysis was done on this'data sample in order
- to obtain confidence limits on the slope of the regression line.
At a 95 percent confidence level the slope of the line falls between
-0.19 and 0.55, which is indicated on the figure by the dotted lines.

It would be expected to a 95 percent level of confidence that if a

larger series of tests were run on this apparatus the slope of the
regression line fitted to this large sample would fall within these
limits. The slope 1/3 falls in this confidence interval indicating
that at the 95 percent confidence level there is no statistically
significant difference between the slope 1/3 and the slope of the
regression line, 0.18.

It was apparent on examination of the original data that the
lifetimes at 814 psia were rather high in comparison to the life-

times at 1014 and 1114 psia. This was possibly due to a reduced

level of ignition disturbance at 814 psia compared to the higher
pressure data. This could be a factor contributing to the flatness

of the least squares line shown in Figure 15. It is interesting to

note that if the 814 psia data is removed and a regression line is
fitted to the remaining data, the resulting slope is 0.372. How-

ever, the confidence limits for this data are much wider than those
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in Figure 15, and since no basis could be found for eliminating the
814 psia data, the flatter least squares line was kept as repre-

sentative of the present experiment.

4.4 Comparison of Theory with Experimental Results

The final step in evaluating the data consisted of a compar-
ison between the supercritical combustion theories (14, 15) and the
experimental data. Rosner (15) presents a graph‘showing fhe non-
dimensionalized burning“time as a function of v, the stoichiometry
parameter, for his theory and for Spalding's (14) theory. The
graph is shown in Figure 16. Spalding's result is represented by
the straight line, Rosner's by the curve. For very small values of
the stoichiometry parameter the models tend to converge, however,
at larger values of v, Spalding's model always predicts a consid-
erably larger non-dimensional burning time. The stoichiometry
parameter depends primarily on the reaction, and for n~decane
burning in air v = 0,0665. The resultant dimensionless burning
times are 1.21 for Rosner's theory and 1.30 for Spalding's.

The dimensionless burning time plotted in Figure 16 is

defined in Reference 15 as

T, =t —== (4.1)

Thus, to dimensionalize these numbers, the equivalent fuel radius,

a, and the binary diffusion coefficient, D 99 must be found. The

1

definition of the equivalent radius, a, comes from the equation
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2 43
Wf = 3 mpa (4.2)
since
Y 3
Wf = 3 TP, Ty (4.3)\
then
3 _ Feg o3
a - p r/e . (4.4)

The surrounding gas density, p, was evaluated using the ideal gas
law at T = 4000°R, the approximate flame temperature (21) and the
ambient chamber pressure. The average of the molecular weights of
n-decane and air was used in the evaluation of the gas constant used
in the ideal gas equation. The value of pp was taken to be 45.5
lbm/ft3 (19) and the average droplet radius r, was 438 microns from
the initial diameter used to normalize the measured lifetimes.

Table 2 shows values of p, a, and D for each pressure at which

12

the calculations were made.
The diffusion coefficient was calculated using two methods
described in Reference 22. The first, recommended by Hirschfelder,

Curtiss and Bird (23), is given by the following equation:

3/2 1/2
0.001858 T [(Ml + MZ)/M1M2]

Poy, 8y

The second method was due to Slattery (24) and is given by

_ 2.74 x 1074 1-823 1/3
D, = @ P )
12 P 1/2 cr, cr
(Tcr Ter,) 172
1 ©¢t2
cr T )2 ron o+ mymom /2 (4.6)
cr, cr 1 2 172 * *

172
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TABLE 2

VALUES USED IN THE THEORETICAL FIT

P | o , a Dy, (gef. 23) Dy, (ief. 24)
(psia) 1bm/ft (microns) (em” /sec) (em”/sec)

814 3.243 1057 0.0342 0.0417
1014 4.040 983 0.0275 0.0334
1114 4.439 952 0.0250 0.0304
1314 5.236 902 0.0212 0.0258
1514 6.032 860 0.0184 0.0224
1614 6.431 843 0.0172 0.0210
1814 7.228 808 0.0154 0.0187
2014 8.025 781 0.0138 0.0168

Equations (4.5) and (4.6) were used to calculate the diffusion
coefficients at 4000°R and one atmosphere pressure. A high pressure
correction by Slattery (24) was used which was based on reduced
prope%ties. However, at high reduced temperatures the correction
reduces to

(Dy, P)

(D,, P)
12 1l atm

=~ 1.0 .. (4.7)

Thus, the high pressure diffusion coefficient is inversely propor-
tional to pressure. It must be emphasized here that Equation (4.7)

gives a rough estimate for the high pressure diffusion coefficient

-since no reliable calculation method exists at the present time.
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A plot of theoretical burning times is shown in Figure 17,
which also shows the experimental data and the least squares line
for the data. The least squares line is indicated by the solid
line. The best agreement for the theoreticél lines is obtained
using Slattery's (24) method for calculating the low pressure
diffusion coefficient. The lines marked PS and DS indicate
Spalding's point source and Rosner's distributed source models.

The slope of the theoretical line is always one-third, which is
higher than the slope of the least squares line, but is within the
95 percent confidence;limits of the data as discussed previously.

Differences between Spalding (14) and Rosner's (15) theories
are very small for these conditions with Spalding's theory pre-
dicting a somewhat longer burning time. The difference between the

two theories is greater as v gets larger, which corresponds to an

oxidant rich environment for the droplet.
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CHAPTER 5

SUMMARY

An experimental study of the combustion of bipropellant drop-
lets in air was undertaken. The primary objectives of the experiment
were to study the combustion of single supported droplets under
pressures which would produce near critical and supercritical burning
and to compare the quasi-steady and supercritical combustion theories
with the experimental results. Necessary modifications were to be
made on the theories in order to obtain reliable‘predictions for
droplet life histories.

The experimental apparatus permitted measurement of burning
lifetimes and droplet temperatures under zero gravity conditions by
means of a free fall apparatus. The presence of zero grav?ty condi~
tions eliminated the problem of the droplet falling from its support
near the critical point due to reduced surface tension and also
eliminated the effects of natural convection in the system. The
fuels used were n-decane and n-hexadecane. Two methods were used to
ignite the droplets; the first consisted of directing a small
hydrogen diffusion flame toward the droplet, the second method
employed an electrically heated wire to directly ignite the droplet.

The conclusions of the study were as follows:

1. Swupercritical burning was observed using the

methods of the experiment.
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The analyses of Spalding (14) and Rosner (15)

agree adequately with the experimental data. A
method of determining the average properties
employed iIn the theories was found which matched
the theory to the experimental burning times.
Conditions where droplet gasification occurs almost
entirely in the supercritical mode were found,
which qualitatively substantiated the predictions
of Wieber (13).

It was found that for the conditions of this
experiment, it is dincorrect to interpret gasifi-
cation lifetimes as combustion 1ifetimes for all
pressures tested. Also it was found that the time
from droplet ignition to total gasification
decreased as pressure was~increased.

It was found that at high pressures a decane drop-
let spends a smaller fraction of its burning
lifetime in the steady burning period, characterized
by the droplet remaining at its "wet bulb'" temper-
ature. An approach to the wet bulb state was
observed at pressures over twice as high as the
critical pressure of n;decane.

At high pressures, the flame ignitor caused a

great amount of disturbance at droplet ignition and
throughout the combustion process. This resulted

in questionable values for combustion lifetimes.
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The hot wire ignitor greatly improved this
situation and was judged the better of the two
ignitor systems.

Comparison of the results with the flame ignitor
and hot wire ignitor indicates that the presence
of convection causes a substantial reduction of
combustion time. The influence of convection

is an aspect of supercritical combustion that

deserves further study.
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APPENDIX A

DERIVATION OF THE SUPERCRITICAL BURNING EQUATIONS

A.1l Introduction

The following appendix presents a detailed derivation of the
theory of supercritical combustion due to Spalding (14) and the
modification of the theory by Rosner (15). The analysis presented
y » here differs from Spalding's somewhat because the basic equations
used by Spalding are based on the conservation of an element. The
equations used in this appendix are based on the cohservation of a
chemical compound.

The equations obtained in the following derivationkdiffer
from the equations used in the quasi-steady theory in that the
& radial convection term is eliminated but the transient term is
retained in the equation of species conservation. The difference
- between the Spalding and Rosner models is due to the fact that

Spalding assumes that the fuel vapor diffuses into the flame zome

from a point source, while Rosner gives finite dimensions to the
source.
The basic model consists of a pocket of fuel vapor surrounded

by a spherical flame zone. .Outside of the flame zone is an

environment containing oxidant., Fuel diffuses outward to the flame
zone and oxidant diffuses inward to the flame where they are

instantly reacted to form products of combustion.
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A.2 Spalding's Model (14)

The following assumptions are made in Spalding's analysis:
1. Fluid properties are constant.
2, Mass diffusivities of all species are identical
and only concentration diffusion is present in
the system.
3. Radial convection is negligible, i.e. the
radial bulk velocity is zero.
4., Body forces are neglected.
5. The chemical reaction can be represented by a
single, one step reaction

vFWF + VOWO -> vPWP .

6. The reaction takes place in a thin flame zone.
7. Only three components comprise the system:
fuel, oxidant, and combustion products.
The conservation equations are obtained from Williams (25).

The conservation of species i is given by

o =y - [V'(pYi§i)] ) (A1)

The constitutive diffusion relation is

N o(xx 0\, |
v, = L {5 @ -V . ' C(A.2)
=1\"13 /)

The phenomonological chemical kinetic expression is
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.\)'
bzd_ a -E_\ N /x,p\3F
w, =W (Yo« YBT exp( S ) i (—j—o
17 Uik T LK Tk R°T/ ) ‘BT

(A.3)
i = l, . ° LN ) N .

Applying the assumption that the binary diffusivities are

equal in (A.2) and rearranging according to Williams (25) yields

_)
v, = -V fani (A.4)
or
vY
V. = -p—= . (A.5)
i Yi

Substituting (A.5) into (A.l) gives

aYi
0 S-t:_- = w, + V-(pDVYi) . (A.6)

i

For a single, one step reaction Equation (A,3) becomes

\)l
. g\ N (X,P) J
= 1 - 1 .
wy = W) - 1) BT exp (R°T) jzl £=) . (A.7)
since
. \)'
o -F N X.P 3
w = BT exp (ﬁ) I (R°T> (A.8)
i=1
then
w, = Wi(\);[' - v:;_) 0w . (A.9)
Substituting this expression into (A.6) yields
oY
03¢ ~V-GDVL) =W O - vDw (A.10)
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Défining
o Ty (a.1)
iti i
and sﬁbstituting this expression into (A.10) gives
Bai
P 3T - V-(pDVmi) = i=1, .. .,N . (A.12)

Now the subscripts F, 0, and P will represent fuel, oxidant, and

products respectively., Letting

t = —_—
B' = ap = Qg (A.13)
gives
Y Y
- P F
B S + S (A.14)

Substituting (A.13) for o

P in (A.12) and using (A.12) to eliminate

the reaction term, w, yields
IR .
P 5e V- (pDVR') = 0 . (A.15)

The following quantities may be defined

6(') =R'(r Sa, t =0) (A.16)
or
1
B! = (A.17)
0 voF
and
Bl = B'"(r + =) (A.18)

or
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BL = . (A.19)
PP

It is assumed that the gas far from the droplet has some constant

concentration of products, Y. . Now letting

P
8" - 8!
I 2 ——2 (A.20)
By - By |

and substituting (A.20) into (A.15) yields

0 g%- — Ve(oDVI) =0 . (A.21)

In spherical coordinates (A.21) becomes

or _ Dp 8, 23T _
Clrws r2 T (r ar) 0o . (A.22)

The first boundary condition applies at very large radius.
At |
r > o T'=0 (A.23)
since

B' =18 at r>o

The second boundary condition arises from the fact that the total

amount of fuel in the system is constant (either as fuel or reacted

to form products). This can be written as

2 W
2 VE'F

Wt = J 4rrp (YF + ) YP) dr . (A.24)
0 PP

o
¥
4
3

The initial amount of fuel in the system is

s
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in SR P £

" v W
W, = f 4nr2p FE Y, dr +W " (A.25)
a PP

0. W_. is given by

where Wf is the mass of fuel injected in at t £

a
Wf = J 4ﬂpr2 dr . (A.26)
0

However, when Wf is injected into the system, it diéplaces an amount

of the ambient fuel (which exists as products) equal to

v. W P

a v W
J trrde =Ly dr . ©(A.27)
! - Vi

This amount must be subtracted out in Equation (A.25). Thus, sub-

stituting (A.26) into (A.25) and subtracting (A.27) yields

%0 a
v W v W
W, = 4nr2p L Y. dr + Anrzp 1- —E-E'Y dr . (A.28)
in v W P v W P
0 PP 0 PP

Since Win = Wt, (A.24) may be combined with (A.28) also using

(A.26) to yield

7 v W < VW
4wr2p Y, + FE Y dr = 4ﬂr2p EF Y dr
F v, W P v W P
0 PP 0 PP

v. W v
FF
+ W 1 - Y - . (A.29)
f ( vPWP P >

Solving (A.29) for W_ and noting that

£
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v. W

FF ;

Tp t DA (p - Yp,)

T = T (A.30)
L. 2P
vPWP P
gives o
Wf = J 4nrzpf dr (A.31)
3 u

for the second boundary condition.

The initial condition is that at t = 0 and r S a the fuel
mass fraction is 1. For r > a, the concentration of products is
simply the ambient concentration YPm' In terms of the variable, T,

the initial condition becomes
t=20 R r 2a s =1 (A.32)
. r=0 . (A.33)

At this point, Spalding produces a particular solution for

(A.22) and the boundary conditions. The solution is the following:

Wf _

I = ————— exp I . (A.34)
o (47DL) 3/2 <4Dt )

Spalding then notes, that for times of order greater fhan az/D the
fuel distribution is independent of whether the initial mass is
concentrated at a point or is finitely distributed. He therefore
uses Equation (A.34) without the initial condition, and notes that

(A.34) is unrealistic at very short times.
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Examining conditions at the flame, where YF = 0, YO = 0
and YP = 1 and noting that
pr + YOm =1 7 (A.35)
and
VFWF + vOWO - vPWP (A.36)
then
Y
e — 0=
Tf = S e (A.37)
00
v W + Y0°°
PP

Solving (A.34) for r when I' = I'_ yields the flame position as a

£
function of time
r% e
= fn (A.38)
4Dt T (4mpt) /2
Defining the following dimensionless quantities
'f
¢ = e (A.39)
1/3
i /ont
... (4.40)
(W./pT)

and substituting into (A.35) yields for the dimensionless flame

radius

¢ = [~ cg;a o £n e]l/2 (A.41)
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differentiating (A.41) and setting the derivative equal to zero

gives the maximum value of ¢.

6 o = 0.419 (A.42)

where

& = 0.368 (A.43)

thus the maximum flame radius is

) 1/3
re o= 0.419 (W./oT) : (A.44)

At the end of burning r_. = 0, and therefore ¢ = 0. When

£
¢ =0, 8§ =1, Substituting 6 = 1 into (A.40) yields

CSR

O B (8.45)

To obtain the pressure dependence of the burning lifetime,
the above equation can be multiplied by p/p. Noting that the
product (pD) remains constant with pressure (14) yields

pl/B(wf/F)2/3

tb = % (oD) . (A.46)

Since p is proportional to pressure, the burning time is propor-
tional to the cube root of pressure, It is also important to note
from Equation (A.43) that the burning time is proportional to the k
two-thirds power of the initial droplet mass, and is therefore

proportional to the square of the initial droplet radius.
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A.3 Rosner's Solution (15)

Rosner's solution of the supercritical droplet combustion
problem involves the same assumptions and the same differential
equation, (A.22), developed in the preceding section. Rosner,
however, does not neglect the initial condition as Spalding does.
Because of this additional simplification Spalding indicates that
his solution is not applicable for times of order less than az/D.
Thus, for short burning times, which would occur in an oxidant rich
environment, Spalding's solution would not be expected to be
reliable. 1In this area, Rosner's theory predicts considerably
shorter burning times. For lower oxidant level environments the
burning times for each theory are nearly identical.

Rosner's solution is described below. Beginning with the

differential equation

L _ Do 3 (23 |
P T2 ax (r =) =0 . (A.22)

Rosner defines the following quantities

~
11t

t 95 (A.47)
a

and
n = r/a . - (A.48)

The boundary conditions and initial conditions are as follows:

at

n > ' =20 (A.49)
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(A.50)

(A.51)

(A.52)

The above are simply the dimensionless forms of Equations (A.23),

(A.31), (A.32), and (A.33).

Rosner's solution of (A.22) with the boundary and initial

conditions described above is

. 1/2
1 1+ n 1l -n T
I' == erf + erf - —m—
2 (2T1/2> (211/2> Hl/2n
2 ' 2
1 - 1+
exp | - —(__z,-f_nL - exp |- & 4Tn2.

At the flame surface, from Equation (A.37)

Rosner defines the term

v = .
(VOWO

\)FWF

(A.53)

(A.37)

(A.54)

YF 2 is equal to 1.0 for this model. Substituting (A.54) into
H

(A.37) yields
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r, = . (A.55)

Rosner's solution for the flame location as a function of time is

described by the equation

1+ ) 1+ n )

V 1 £ f

= = Jerf { ———— | + erf|-——r
1+ 2 2T1/2 21‘_1/2
1/2 (1 -nn? 1+ 02
- —_— exp | - — £ . exp | - —_— . (A.56)
1/2 4t 47
I nf

Reference 15 shows the dimensionless flame radius, Mg, @8 a function
of 1, the dimensionless time, for both the Spalding and Rosner
models.

The end of burning occurs when ne > 0. Examining Equation
(A.56) it is seen that as Ng goes to zero the second term on the
right hand side becomes indeterminate. The exponential terms

subtract out in the numerator and n_. goes to zero in the denominator.

f
If L'Hospital's Rule is applied to this term, the solution for the

burning time satisfies the equation

hY

1 1 1
= erf |——=—7 | -~ —™=—= exp |- > . (A.57)
1+wv 2Tb1/2 ) (HTb>l/2 | 4Tb

A comparison of the dimensionless burning times as a function of v
for both theories (14, 15) is shown in Figure 16 in Chapter 4.
To find the pressure dependence of the dimensional burning

times in Rosner's solution, it must be noted that for a given value
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of the stoichiometry parameter, 2N is fixed. From the definition

of 1 it is seen that

'b’

a
o (A.58)

Since the product (pD) is relatively unaffected by pressure, this

equation may be written

2

a .
- tb = T (oD) . (A.59)

1/3, and p is propor-

The apparent radius, a, is proportional to o
tional to pressure, for the assumptions used in this analysis.

Thus, the burning time is proportional to the cube root of pressure.

Since a is proportional to Tps the droplet lifetime is
proportional to the initial droplet diameter squared. This result

agrees with Spalding's.




APPENDIX B

ANALYSTIS OF THE THERMOCOUPLE TIME RESPONSE

It was felt thaﬁ an indication of the thermocouple's ability
to follow the temperature of the droplet would be a comparison of
the time constant of the thermocouple bead in. the droplet 1liquid
with the time constant of the spherical droplet immersed in gas.
Examining a model where a spherical particle is in equilibrium with
a fluid bath at Tf, and the fluid undergoes a step change in temper-

ature, an energy balance on the particle yields

pVe aT
—_RhA Tl Tf -7 . (B.1)
The time constant is the quantity
AN
T' = Al—l . (B'z)

The film coefficient is h = Nqu/Dp. For a spherical particle in
the absence of convection, Nu = 2,0. Also for a sphere V/A = Dp/6.

Substituting into (B.2) yields

2
pc D
1 .
' o= -_B—RlZK . (B.3)

Table 3 shows the numerical wvalues used in calculating the

thermocouple and droplet time constants. The gas is taken to be
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air with properties evaluated at 1940°F, and the droplet liquid is
n-decane, Thé thermocouple bead is assumed to consist of 50 percent
chrémel and 50 percent alumel by weight. Properties were obtained
from References 19, 26, 27, 28, and 29. Substituting the values
from Table 3 into Equation (B.3) gives 16 = 1.9 sec and Téc =

0.103 sec., Thus, the time constant for the drﬁplet is 10.8 times.

that of the thermocouple bead, indicating that the thermocouple

should follow the droplet temperature with no difficulty.

TABLE 3

PROPERTIES USED IN CALCULATION OF TIME CONSTANTS

Thermocouple Bead Liquid Droplet

P
lbm/ft3 541 45.79

Btw/lbm—°F 0.116 0.588

Btw/hr-£ft=-°F 0.081 0.053

D
P

in. 0.008 0.030
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APPENDIX C

ANALYSTS OF THE HEAT CONDUCTED FROM THE FLAME TO THE

DROPLET BY THE THERMOCOUPLE WIRES

A simplified model was used to estimate the amount of heat

transferred to the droplet from the flame by means of the thermo-

couple wires. This was compared to the heat conducted from the

flame to the droplet through the surrounding gas. The following

assumptions were made in the analysis:

1.

2.

Heat transfer was quasi-steady, i.e. 9/3t = O.
The perfect gas assumption was made with
constant fluid properties.

Mass flow was neglected.

Spherical symmetry was assumed.

Convection on the surface to the thermocouple

wires was neglected.

Employing the above assumptions, the differential energy equa-

tion for heat conducted through the surrounding gas is

d 2 4T
dr (r dr) =0 (C';)
with the boundary conditions
r=r, , T = T£ (C.2)
r=r , T=T (c.3)
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solution of (C.l) with the boundary conditions yields

(T. - T,) r
_ f L °f

Heat conduction through the thermocouple wires is essentially
a one-dimensional problem since convection from the surface of the

wires is neglected. The energy equation becomes

2
2 =0 (C.5)
dr
with the boundary conditions
r=r, , T=T, (C.6)
r=r, , T = Tf . .7

Solution of (C.5) with (C.6) and (C.7) yields

T we
_ f L
q, = kwAw ;;—:—;z . (c.8)

Thus from (C.8) and (C.4)

T

—;_;é . (c.9)
f

The thermocouple wires were chromel and alumel, so an average
thermal conductivity for the two materials was used for kw’ equal to
14.13 Btw/hr-ft-°F. The wire radius was 0.0015 in., so that A.W for
the two wires was equal to 1,418 x lO—5 inz. The droplet radius Ty

was equal to 0.0173 in. and r. was 0.15 in. The surface area of the
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droplet was 0,0038 inz. The gas was taken to be air at 1700°R, so
that kg = 0.041 Btw/hr-ft-°R. The property values were taken from
References 26 and 27. Substituting the above values into (C.9)
yields .

s

d¢

= 14.81 percent

for this highly simplified analysis.
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